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Abstract 
Current study focused on the production of precipitated calcium carbonate on the basis of oil shale waste ash. The indirect 
aqueous carbonation of oil shale ash involved 2 main steps: Ca2+ leaching from ash and carbonation of the leachate in a 
continuous flow disintegrator-reactor accompanied by the crystallization of CaCO3. 
As a result, calcite crystals with a content of 92-99% CaCO3 and mean particle diameter in the range of 3.7-7.5 μm were 
produced at room temperature and atmospheric pressure. The effect of operating conditions (mainly gas flow rate and 
stoichiometric access of CO2) on the forming crystalline product was examined in terms of particle size, morphology and textural 
properties. Several characteristics of the obtained solid materials suggest high potential for a wide range of industrial 
applications. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
Environmental problems associated with fossil fuel (especially low-grade solid fuels) usage for heat and power 
production include increasing global emissions of carbon dioxide (CO2), a heat-trapping gas, and generation of solid 
wastes in large quantities. 
In Estonia, calcareous kerogenous oil shale is used to produce electricity – the country’s top priority for energy 
security – and heat generation. Of the 13-15 Mt of oil shale mined annually in Estonia, about 93% is consumed by 
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power plants to generate electricity. Combustion of oil shale is characterized by elevated specific carbon emissions 
(27.85tC TJ-1 [1]) due to its high content of mineral carbonates. Because of the extensive use of oil shale for energy 
production, Estonia is one of the highest per-capita CO2 emitters (13.4 Mt in 2013) among EU Member States [2].  
The power sector is also responsible for producing enormous amounts (~7 Mt/year) of calcium-rich waste ash. 
The present waste ash management strategy (employed at the main oil shale processing company Eesti Energia, 
among others) implements hydraulic transportation of most of the residue for deposition in ash fields. The Baltic 
Thermal and Estonian Electric Power Plant ash fields near Narva are Estonia’s largest waste handling sites and cover 
a total of 13 km2. It is estimated that there is deposited ~300 Mt of ash to date [2]. 
As Estonia is located in the northern, shallow part of the Baltic sedimentary basin possessing potable water, its 
CO2 geological storage capacity has been estimated as zero [3, 4]. For countries without geological storage sites, ex-
situ mineral carbonation is an interesting CO2 fixation option. Natural Ca- and Mg-rich minerals (serpentinite, 
olivine, wollastonite, talc) [5] as well as several alkali wastes, like steel slag and ashes from power plants etc [6-8] 
could be considered as CO2 binders. Our procedure (which was established at the end of the 1990-s [9-11] involving 
ash–water suspension carbonation demonstrates that oil shale ashes (containing up to 25-30% of free CaO) are able 
to bind up to 290 kg CO2 per ton of ash [12]. Moreover, upgrading industrial wastes into commercial products (e.g. 
precipitated calcium carbonate, magnesium carbonate) [13-15] via the carbonation route is one of the most 
promising directions for achieving a cost-effective CO2 sequestration process. 
 In the recent years various carbonation routes have been studied by the authors in the context of obtaining a 
precipitated calcium carbonate (PCC)-type material on the basis of oil shale ash and its leaching waters. This 
included development of an ash (leachate) batch carbonation process accompanied by PCC formation in a barboter 
(i.e. bubble column)-type reactor [16]. As a continuation of this work, current study focused on the development of a 
continuous PCC production process using disintegrator-type reactor. In the current study, topics such as process 
feasibility, specifics and the impact of the operating conditions on the process performance as well as on the main 
characteristics of the resulting crystalline product were addressed. 
 
Nomenclature 
CCa2+  Ca concentration  
MCa2+  Ca molar mass  
N  stoichiometric excess of CO2 
OSA  oil shale ash  
PCC  precipitated calcium carbonate  
Qair  air flow rate  
QCO2  CO2 flow rate 
QL  ash leachate flow rate 
SEM  scanning electron microscope  
SSA  Specific surface area 
t  residence time in the reactor /contact time  
Vm  molar volume 
VR  reactor volume 
XRD  X-ray diffraction analysis  
ΔCa2+ Ca consumption 
 
2. Materials and methods 
The process of PCC formation on the basis of waste ash (CaOfree=31.64%, BET SSA=4.12 m2 g-1) was comprised 
of two stages: aqueous extraction and a precipitation regime. The extraction step was performed in a stirred tank 
reactor equipped with a turbine impeller, where tap water was used for the dissolution of Ca-containing compounds 
from oil shale ash at the solid/liquid ratio of 1/50. After the leaching and filtration step, the alkaline ash leachates 
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(the Ca2+ concentration in the obtained solution ป1200 mg L-1) were treated with a model gas mixture containing 
15% of CO2 in air in a multifunctional disintegrator-type reactor (volume 0.482 L, rotational frequency 12000 rpm) 
(Fig. 1) under continuous mode application. The disintegrator-type reactor is designed to provide effective 
mechanical mixing of the gas and liquid phases to increase the interfacial contact surface [17]. The experiments 
were carried out at ambient temperature under atmospheric pressure. The flow rate and composition of the inlet gas 
were controlled using calibrated flow meters. 
 
 
           
Fig. 1. Image of the multifunctional disintegrator-type reactor: (a) general view; (b) rotating blades 
The operating conditions varied in the process were as follows: 
 stoichiometric excess of CO2, N (1.5-15, according to Eq.(1)) 
              Ca2+ + 2OH− + CO2(g) → CaCO3(s) + H2O    (1) 
 CO2 flow rate, QCO2 (60-820 L h-1)  
 air flow rate, Qair (343-4646 L h-1)  
 ash leachate flow rate, QL (31-120 L h-1)  
The following formulas were used for calculation of the operating parameters:  
 the CO2 flow rate, QCO2 (in L h-1):  
NQV
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,  (2) 
where CCa2+ and MCa2+ are the Ca concentration (g L-1) and molar mass (g mol-1) respectively; Vm is the molar 
volume of gaseous CO2 (L mol-1).  
 the residence time in the reactor/contact time, t (in s) was determined from Eq.(3): 
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where VR is the reactors volume (in L) and QG is the total gas flow (in L h-1, QCO2+Qair). The contact time ranged 
from 0.3 to 3.7 s. After carbonation, obtained suspension was fed to a filtration system where the solid product was 
separated and dried at 105ºC. The characteristics of solid samples (composition, morphology, surface area, particle 
size, etc.) as well as the composition and parameters of the liquid phase (concentration of ions, conductivity) were 
determined using various analytical techniques: total carbon by ELTRA CS-580 Carbon Determinator; scanning 
electron microscopy (SEM) analysis by Jeol JSM-8404A; particle size distribution by Horiba LA-950V2 laser 
scattering analyser; X-ray diffraction (XRD; Bruker D8 Advanced); specific surface area by BET nitrogen dynamic 
desorption analysis method (Sorptometer KELVIN 1042, Costech Microanalytical SC); Ca2+ (titrimetric method 
ISO 6058:1984); SO42- (Lovibond SpectroDirect spectrophotometer); pH (Mettler Toledo GWB SG2), conductivity 
(HI9032 microprocessor). 
3. Results and discussion 
After the carbonation cycles in a 1.5-15 stoichiometric excess of CO2, the Ca2+ content and pH of alkaline ash 
leachates (1200 mg Ca2+ L-1; ~350 mg SO42- L-1; pH of 12.6 prior treatment) dropped to ~100-600 mg Ca2+ L-1, ~300 
mg SO42- L-1 and 10.6-12.0, respectively, contingent upon the applied conditions (Table 1). The analysis results 
showed clear dependence (Eq. (4); R2=0.99) between Ca2+ content (in mg L-1) and conductivity of the solution, E (in 
mS cm-1), which will play significant role in optimization of an industrial PCC route: 
ECCa *72.1162 ,  (4) 
The unwashed precipitates were characterized by their bright white color and fine powdery texture. According to 
the total carbon analysis, the solid samples contained predominantly CaCO3 (~92-99% depending on the operating 
conditions). The phase composition was also confirmed using FT-IR spectroscopy (Bruker Alpha Platinum ATR). 
Particle size distribution analysis showed that PCC crystals with the mean particle size in the range of 3.7-7.5 μm 
were produced under the applied conditions (Table 1).  
Table 1. Operating conditions and main characteristics of oil shale ash leachate carbonation products 
 
Sample 
 
Operating variables Solid product characteristics 
ΔCa2+, 
mg L-1 N 
Qair, 
L h-1 
QCO2, 
L h-1 
QL, 
L h-1 
t, 
s 
CaCO3av, 
% 
dmean, 
μm 
SSA,  
m2 g-1 
PCC1 
PCC2 
PCC3 
PCC4 
PCC5 
PCC6 
PCC7 
PCC8 
1.5 
1.5 
3 
5 
10 
10 
15 
15 
343 
685 
685 
1123 
4646 
2323 
1725 
3427 
60 
121 
121 
198 
820 
410 
304 
605 
60 
120 
60 
60 
120 
60 
31 
60 
3.7 
1.9 
2.0 
1.3 
0.3 
0.6 
0.8 
0.4 
93.1 
93.8 
91.6 
93.3 
98.4 
95.3 
97.8 
>99 
7.47 
7.27 
6.05 
5.00 
6.09 
5.44 
3.72 
3.86 
22.45 
- 
- 
5.88 
2.06 
3.04 
6.42 
3.13 
600 
620 
784 
900 
1115 
1060 
1030 
1090 
 
The experiments with model flue gas at N=1.5 and QL=60 and 120 L h-1 indicated that the PCC particle size was 
not affected by the ash leachate flow rate. The product contained particles with the mean diameter of ~7.4 μm and 
93-94% CaCO3 content. After carbonation at these conditions only half of the Ca2+ present in the leachate (Table 1) 
was utilized and pH of the solution remained high (pH ~12). 
Carbonation at N=3 and N=5 (QL=60 L h-1) resulted in the formation of PCC with the particle size of ~6 and 5 
μm respectively. The residual Ca2+ content in the solution was in the range of 300-400 mg L-1 (Table 1). Further 
increase of the stoichiometric excess of CO2 to N=10, allowed to utilize about 90% of the available Ca2+ in the initial 
solution and PCC containing 95-98% CaCO3 was obtained (Table 1). 
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The experiments at N=15 produced CaCO3 with 99% purity and characterized by a homogeneous particle size 
distribution (mean particle size ∼3.7 μm) (Table 1).  
The morphology of the precipitated particles was examined using SEM and the XRD analysis. SEM images of 
the precipitates crystallized under various carbonation conditions are shown in Fig. 2.  
 
    
    
    
Fig. 2. SEM micrographs of PCC samples crystallized by ash leachates carbonation under specific operating conditions according to Table 1: (a) 
PCC1 (b) PCC3 (c) PCC4 (d) PCC6 (e) PCC7 (f) PCC8 
(a) (b) 
(c) (d) 
(e) (f) 
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According to XRD measurement, CaCO3 was present in the form of calcite. Furthermore, the XRD analysis 
suggests that the sulfate ion participating in the precipitation process is incorporated into calcite crystal lattice, 
partially replacing carbonate ions.  
It was noted, that the operating conditions in the system (e.g. stoichiometric excess of CO2, gas flow rate) 
influenced the contact time and hydrodynamics of the system and, as a result, the characteristic features 
(morphology, particle size, surface area etc) of the precipitates (Table 1). The impact on the calcite habit and crystal 
size as well as on the main parameters occurring in correspondence of different ratio of the stoichiometric excess of 
CO2 is demonstrated by Fig. 2 and Fig. 3.  
The experiments (at QL=60 L h-1) showed that the particle size of the product decreases with the increase of the 
CO2 excess (increase of the gas flow rate): mean diameter of ~7.5 and 5.4 μm was obtained at N 1.5 and 10 
respectively (Fig. 3, a). Thus, increasing the CO2 excess to 15 (contact time 0.4 s) led to optimal conditions in terms 
of residual Ca2+ content (~100 mg L-1) and product quality, resulting in the formation of well-defined rhombohedral 
calcite (>99% CaCO3) crystals (mean particle size ~3.7 μm) (Fig. 2, f). The significance of the stoichiometric excess 
of CO2 was confirmed by very similar results obtained by implementing 2-times lower productivity. The SEM 
images also suggest, that the precipitation conditions at the stoichiometric CO2 excess of 1.5-5 were not sufficient to 
form rhombohedral PCC particles and intermediate calcite crystal habit was observed (Fig. 2, a-c). The latter 
explains the high specific surface value of the sample PCC1 (Table 1, Fig. 2 (a), Fig. 3).  
 
 
 
Fig. 3. The dependence of the main characteristics on the stoichiometric excess of CO2 
0
2
4
6
8
0 5 10 15
d m
ea
n,
 μm
 
N 
92
94
96
98
100
0 5 10 15
C
aC
O
3, 
%
 
N 
0
250
500
750
1000
1250
0 5 10 15
ΔC
a2
+ ,
 m
g 
L
-1
 
N 
0
5
10
15
20
25
0 5 10 15
Sp
ec
if
ic
 s
ur
fa
ce
 a
re
a,
 m
2  g
-1
 
N 
5910   Olga Velts et al. /  Energy Procedia  63 ( 2014 )  5904 – 5911 
4. Conclusion 
The prospects of obtaining PCC as a valuable product in a continuous flow disintegrator-reactor on the basis of 
ash leachates, saturated with calcium and accompanying ions (mainly SO42-) were demonstrated. 
 By utilizing oil shale ash in a described process as a source of calcium, the crystalline product with a content of 
up to 99% CaCO3 and mean particle diameter in the range of 3.7-7.5 μm was obtained at room temperature and 
atmospheric pressure. Established optimal operating conditions offer higher quality product that can be used in more 
demanding industries. The X-ray diffraction analysis confirmed that product was in the form of calcite with minor 
substitution of carbonate ions by sulfate ions. Based on the scanning electron microscopy analysis it can be 
concluded that varying operating conditions will result in the product with different crystal shape/habit. Thus, the 
results confirm the ability to construct crystals with desired characteristics through control of the process conditions.  
Gathered experimental data will assist determining the optimal conditions for precipitation and will also serve as 
a basis for developing of a continuous carbonation process mathematical model. 
From an environmental point of view, the alkalinity of oil shale ash leachates decreased and further carbonation 
can lead to total neutralization. The implementation of proposed CO2 mineral carbonation technology could have a 
great potential for contributing to the environmentally sustainable and economically beneficial management of the 
waste streams from oil shale-based energy sector. 
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